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A. In t roduct ion  and Objective 

Prec ise  ana lys i s  by rocket- and sa t e l l i t e -bo rne  mass spectrometers 

of t he  concentrat ion of atomic oxygen i n  t h e  e a r t h ' s  upper atmosphere 

is  made d i f f i c u l t  by t h e  reac t ive  cha rac t e r  of t h e  oxygen atoms them- 

se lves .  

by formation of oxides, and by c a t a l y t i c  production of molecular oxygen. 

Hence, t he  oxygen atom concentrat ion as seen by a mass spectrometer may 

be s u b s t a n t i a l l y  d i f f e r e n t  from its real value i n  t h e  environment because 

of atom removal on the  var ious sur faces  of t he  instrument.  The objec t ive  

of t h i s  pro jec t  is t o  e l u c i d a t e  the  k i n e t i c s  and mechanisms of i n t e r -  

a c t i o n  of oxygen atoms with s o l i d  sur faces  of engineer ing i n t e r e s t  

under condi t ions  s imilar  t o  those encountered i n  the  upper atmosphere. 

Such information w i l l  con t r ibu te  t o  the  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of 

atomic-oxygen composition da ta  reported by mass spectrometers i n  f l i g h t .  

These spec ies  can i n t e r a c t  with s o l i d  sur faces  by adsorption, 

Our experimental approach employs a r eac t ion  vesse l  i n  which the  

t o t a l  gas pressure and the  en te r ing  f l u x  of oxygen atoms are held 

cons tan t .  The rate of i n t e r a c t i o n  of oxygen atoms with a metal sur face  

is evaluated by observing the  diminution i n  atom f l u x  a t  the  o u t l e t  of 

t h e  ves se l  when a specimen of t h e  material of i n t e r e s t  is in se r t ed  i n t o  

the  reac tor .  The apparatus  w a s  described i n  Quarter ly  S ta tus  Report N o .  

4 ( June  1, 1968) and the  a n a l y t i c a l  basis of t he  experiment w a s  discussed 

i n  Quarter ly  S ta tus  Report No. 5 (September 1, 1968). 

B. Experiments 

1. Apparatus 

The reactor employed i n  the  cu r ren t  experiments is  a Pyrex cy l inde r  

with an  in s ide  diameter of 2.2 c m  and a length  of 12 c m  (F ig .  1). Atoms 

are generated by thermal d i s s o c i a t i o n  of molecular oxygen on an electri- 

c a l l y  heated tungsten ribbon i n  a water-cooled chamber a t  t he  lower end 

of t he  reactor. The reactor i n l e t  is a 0.2-cm-radius aper ture  i n  a 

g l a s s  p l a t e  s i t u a t e d  i n  close proximity t o  the  tungsten ribbon. A 

r ad ia t ion  s h i e l d  of tungsten f o i l  between the  hot  ribbon and the  ape r tu re  
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p l a t e  prevents overheating of t he  g l a s s  parts of t h e  reactor i n  t h i s  

v i c i n i t y .  The reactor o u t l e t  is a 0.55-cm-radius a p e r t u r e  i n  a g l a s s  

p l a t e  which l eads  d i r e c t l y  t o  a l a r g e  chamber pumped t o  l o w  pressure by 

a t i t an ium sublimation pump and an ion-ge t te r  pump. This chamber con- 

t a i n s  a quadrupole mass spectrometer placed so t h a t  i ts  ion  source is  

immediately ad jacent  t o  the  reactor e x i t  aperture. The pressure i n  t h e  

s y s t e m  can be measured by i o n  gages near the  oxygen i n l e t  and on the  

analyzer  chamber. 

of 0.002 inch gold fo i l ,  20.4 c m  long by 0.6 c m  wide. The ribbon w a s  

suspended from its ends on electrical feed-throughs a t  the  upper end 

of t h e  reac tor .  

In the  cu r ren t  experiments, the  specimen is  a ribbon 

2.  Mass Spectrometer Cal ibra t ion  

The geometry of the  apparatus is such L a t  the  m a s s  spectrometer 

d e t e c t s  t he  e f f e c t i v e  f l u x  of spec ies  emerging from the  e x i t  aper ture  

of t he  reac tor .  For ca l ib ra t ion ,  t he  t o t a l  mass flow of gas Q through 

t h e  reac tor  w a s  computed f r o m  measured pressure d i f f e rences  between the  

i n l e t  and analyzer  i on  gages and the  ca l cu la t ed  ove ra l l  conductance of 

the  apparatus  between these  two pressure-measuring points .  In the  range 

lom5 < Q < 
t o  be proport ional  t o  Q with a propor t iona l i ty  cons tan t  of 2.13 x lo2 
tor r - l i t e r / sec /amp.  The observed values of Q, toge ther  with the  values 

of conductance F ca l cu la t ed  from the  apparatus geometry, enabled us  t o  

t o r r - l i t e r / s e c ,  t he  mass spectrometer s igna l  w a s  found 

compute the  s teady  s t a t e  pressure P i n  any p a r t  of the  system from the  

bas ic  Knudsen flow equat ion:  

3. Measurements 

a. Recombination Eff ic iency  of Gold 

On t h e  b a s i s  of our earlier results, '  g r e a t e r  than 99% of the  

oxygen atoms en te r ing  the  reactor, nl*, surv ive  and leave  through the  

e x i t  aper ture .  

approximately for  t h e  recombination c o e f f i c i e n t  of Pyrex g l a s s  for  

This is  i n  conformity with t h e  reported2 value of 
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oxygen atoms. Such a s m a l l  rate of loss of atoms i n  the  empty reactor 

enables  us t o  e a s i l y  measure t h e  change i n  rate of removal of atoms 

when a gold specimen is inse r t ed  i n t o  the  reactor. "he surviving atam 

flux,  n 1' 
The recombination c o e f f i c i e n t  y of t h e  gold is  then obtained from t h e  

relation'  

for t h i s  s i t u a t i o n  is  observed under i d e n t i c a l  flow condi t ions.  

The e f f e c t i v e  c o l l i s i o n  number of the  specimen 0 is the  r a t i o  of the  

specimen su r face  area As t o  t h e  cross sec t iona l  area of the  e x i t  

ape r tu re  &. This r a t i o  i s  26 f o r  t he  gold specimen. 

b. Rate of Sorption of Oxygen A t o m s  on Gold 

Oxygen sorbed on the  gold ribbon during exposure t o  gaseous atomic 

oxygen. 

passing an electric cu r ren t  through it, and molecular oxygen w a s  rap id ly  

desorbed. This w a s  manifested as a pressure pulse detected by the  mass 

spectrometer locked on AMU 32. The t o t a l  mass of oxygen desorbed from 

the  ribbon during the  hea t ing  period was evaluated by i n t e g r a t i n g  the  

pressure rise with respect t o  t i m e .  In severa l  experiments oxygen was 

desorbed a t  lower ribbon temperatures, 300' and 500°C, ye t  the  t o t a l  

mass of oxygen desorbed from the  sa tu ra t ed  su r face  was cons tan t .  The 

t i m e  required t o  desorb a l l  t he  oxygen, of course, was longer a t  lower 

f l a sh ing  temperatures.  

Following t h i s  exposure, t he  ribbon w a s  heated t o  600'C by 

By observing the  t o t a l  mass of oxygen desorbed as a func t ion  of t he  

t i m e  of exposure of t he  specimen a t  25'C t o  the  atomic oxygen, the  rate 

of coverage of t he  gold by sorbed oxygen could be measured. The r a t i o  

of r a t e  of coverage t o  inc ident  c o l l i s i o n  rate of oxygen atoms on the  

gold is termed the  s t i c k i n g  coe f f i c i en t ,  S. 

1. Quarter ly  S ta tus  Report No .  5, September 1, 1968. 

2. H. Wise and B. J. Wood, Advances i n  A t o m i c  and Molecular Physics, - 3, 
New York, Academic Press  1967, p. 322. 
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C. Rate of Desorption of Sorbed Oxygen a t  25OC 

Surface sorbed oxygen on gold w a s  observed t o  desorb spontaneously 

W e  measured the  rate of t h i s  desorpt ion by the  following a t  25OC. 

procedure. The specimen w a s  f i r s t  exposed t o  atomic oxygen f o r  a 

s u f f i c i e n t  length of t i m e  t o  insure  s a t u r a t i o n  coverage of sorbed oxygen. 

The oxygen atom source w a s  then cooled t o  a temperature a t  which thermal 

d i s s o c i a t i o n  of oxygen w a s  neg l ig ib l e  even though the t o t a l  oxygen 

pressure i n  the  system w a s  not changed s i g n i f i c a n t l y .  Af te r  a period of 

t i m e  t he  gold ribbon w a s  f l a s h  heated and the  quant i ty  of oxygen desorbed 

was determined. This procedure w a s  repeated f o r  a number of d i f f e r e n t  

dwell periods up t o  30 minutes i n  dura t ion .  

d .  The Behavior of Impurity Carbon Monoxide 

Carbon monoxide was t h e  major res idua l  impurity i n  our vacuum 

system. This  gas has been reported3 t o  chemisorb s t rongly  on gold; 

hence we f e l t  i t  important t o  eva lua te  the  rate of sorp t ion  and the  

degree of coverage exhib i ted  by carbon monoxide under the  condi t ions of 

our experiments. The rate of coverage and s t i c k i n g  c o e f f i c i e n t  i n  the  

absence of atomic oxygen were determined i n  a manner i d e n t i c a l  t o  t h a t  

employed f o r  oxygen a t  oms. 

4 .  Resul t s  

a .  Recombinat ion Eff ic iency of Gold 

Data obtained i n  experiments with and without the  gold specimen i n  

t h e  reactor lead t o  a value of y = 0.062 f o r  the  recombination co- 

e f f i c i e n t  of atomic oxygen on gold a t  25OC. The tungsten ribbon w a s  

maintained a t  185OoC during these experiments, and the  atom f l u x  was 

evaluated from the  mass spectrometer s i g n a l  i n  t e r m s  of the  r a t i o  AMU 161 

ANN 32.4 

3. B. M. W. Trapnell ,  Proc. Roy. SOC., A218, 586, (1953) .  

4. Observed values  of ANN 16 were cor rec ted  f o r  cont r ibu t ions  from 02, 
COY and H 0 due t o  cracking i n  the  mass spectrometer ion  source.  2 
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The value of t h e  recombination c o e f f i c i e n t  w a s  a l s o  determined 

independently i n  another  set of experiments i n  which the  reference f l u x  

of atoms, n w a s  determined while the  gold specimen w a s  maintained a t  

600'6. 

oxygen appeared t o  be negl ig ib le ,  hence recombination on the  gold could 

not occur. When the  gold was cooled t o  room temperature and re-equi l i -  

b ra ted  with i ts  environment, a monolayer of sorbed oxygen w a s  re-estab- 

l i shed  and the  specimen became again an a c t i v e  recombination c a t a l y s t .  

The surv iv ing  f l u x  of atoms nl a t  t h e  r eac to r  o u t l e t  w a s  diminished 

proport ionately.  

* 
1' 

A t  t h i s  temperature the  coverage of t h e  gold su r face  by sorbed 

Based on the  da t a  from these experiments, y = 0.049. 

b. Rate of Sorpt ion of Oxygen Atoms on Gold 

The mass of oxygen sorbed a s  a funct ion of t i m e  of exposure t o  an 

atmosphere containing atomic oxygen a t  P = lo-' t o r r  is shown i n  Fig.  2. 

The s t i c k i n g  c o e f f i c i e n t  f o r  atomic oxygen on gold, derived from t h i s  

data ,  i s  given a s  a func t ion  of su r face  coverage i n  Fig. 3. 

c. R a t e  of Desorption of Sorbed Oxygen a t  25OC 

The mass of sorbed oxygen remaining on the  su r face  of t h e  gold as 

a func t ion  of dwell t i m e  i n  molecular oxygen a t  P = 2 x lo-' torr  is  

shown i n  Fig. 4. A l l  points  on t h i s  curve are r e l a t i v e  t o  s a t u r a t i o n  

coverage a t  t i m e  t = 0. 

d. The Behavior of Carbon Monoxide 

The s t i c k i n g  c o e f f i c i e n t  of carbon monoxide a s  a func t ion  of 

coverage a t  t w o  impurity l e v e l s  and t o t a l  pressures  is  shown i n  Fig.  5 .  

C. Discussion 

The values of oxygen atom recombination c o e f f i c i e n t  obtained f o r  

gold i n  our apparatus  by t w o  d i s t i n c t  and d i f f e r e n t  experiments agree 

wi th in  25$. The prec is ion  with which y can be determined depends, i n  

one case, on the  r ep roduc ib i l i t y  of both the  m a s s  flow rate of oxygen 

through the  sys t em and the  temperature of the  tungsten ribbon before  

and af ter  the  system has been opened t o  the  atmosphere t o  i n s t a l l  the  
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gold specimen, then re-evacuated and baked out .  

ments and an o p t i a a l  pyrometer reading are required t o  assess these  

parameters. 

determined with the  mass spectrometer must be considered i n  both experi-  

ments. Consequently i t  seems j u s t i f i a b l e  t o  state the  value of t he  

recombination c o e f f i c i e n t  t o  one s i g n i f i c a n t  f i gu re :  y = 0.06. This 

is  i n  agreement with t h e  value reported earlier '  based on our f i r s t  

experiments. 

Two ion  gage measure- 

The prec is ion  with which the  ANN 16/AMU 32 ratio can be 

Both reported values  of y were obtained a f t e r  the  gold specimen 

had been exposed t o  the  atmosphere containing atomic oxygen f o r  a t  least 

15 minutes. Under the  condi t ions  of our experiments, the  gold specimen 

became sa tu ra t ed  with sorbed oxygen a f t e r  an exposure of about 5 minutes 

(F ig .  2 ) ;  hence the  observed recombination rates represent  s teady-s ta te  

values  f o r  an oxygen-saturated gold sur face  a t  25OC. 

Although oxygen from the  gaseous atomic s t a t e  is  sorbed r ead i ly  on 

gold (Fig.  3), w e  could d e t e c t  no so rp t ion  of oxygen from the  molecular 

s ta te  i n  our experiments. However, i n  o ther  experiments i n  our labo- 

r a t ~ r y , ~  less than 0.01 monolayer of oxygen w a s  found t o  so rb  from an 

atmosphere of molecular oxygen a t  P = lo-' t o r r  when the  temperature of 

the  gold w a s  r a i sed  t o  30OoC. These data ,  toge ther  with the  ease with 

which sorbed oxygen desorbs a t  low temperatures (F ig .  4 ) ,  suggest t h a t  

gold sorbs  oxygen endothermically and possesses a modest a c t i v a t i o n  

energy f o r  desorpt ion.  

temperature T a t  which desorpt ion becomes s i g n i f i c a n t  t o  the  a c t i v a t i o n  

energy f o r  desorpt ion E 

less than 25 kcalfmole. 

Based on Redhead's r u l e  of thumb6 r e l a t i n g  the  

w e  conclude t h a t  Ed f o r  oxygen on gold i s  d' 

Our da ta  i n d i c a t e  t h a t  a t  s a t u r a t i o n  the  population dens i ty  of 

oxygen atoms on the  gold su r face  is 2.0 x 1015 atoms/cm2 (F igs .  2 and 

3) .  I f  w e  assume, as is usua l ly  done, t h a t  t he  dens i ty  of su r face  

adsorp t ion  sites on a metal i s  1 x 1015 cm-2, t h i s  leads  us  t o  conclude 

t h a t  the  gold used i n  our experiments possessed a roughness f a c t o r  of 

2. However, t he  s a t u r a t i o n  su r face  coverage which w e  repor t  is based 

5. H. Endow, t o  be published. 
8 .  P. A. Redhead, J. P. Hobson, and E, V. Kornelsen, Advan. Elec t ronics  

Elec t ron  Phys., 3 3 ,  340 (1962) . 
6 



on our c a l i b r a t i o n  of t he  mass spectrometer aga ins t  t h e  oxygen pressure 

drop measured with ion gages,and conductance ca l cu la t ions  based on the  

dimensions and geometry of the  apparatus .  Experimental errors here  

could lead  t o  uniformly high va lues  of coverage. Compact metals are 

genera l ly  considered t o  possess a roughness f a c t o r  of less than 2, but  

t he  same metals i n  the  form of evaporated f i lms  may exh ib i t  roughness 

f a c t o r s  as high as 10. 

The s t i c k i n g  c o e f f i c i e n t  of carbon monoxide on gold (F ig .  5) is  

more than 2 orders  of magnitude less than t h a t  f o r  atomic oxygen (F ig .  3). 

The s a t u r a t i o n  coverage observed i n  our experiments i s  about one-sixth 

t h a t  of oxygen, but i t  e x h i b i t s  a dependence on the  carbon monoxide 

pressure.  A comparison of the  room-temperature desorpt ion rate of 

oxygen (F ig .  4) and the  sorp t ion  r a t e  of carbon monoxide, shown by the  

broken curve i n  Fig.  4, i nd ica t e s  t h a t  displacement of sorbed oxygen 

by carbon monoxide is not involved i n  the  oxygen desorpt ion mechanism. 

D. P r a c t i c a l  Conclusions 

The parameters we have evaluated i n  our labora tory  experiments 

w i l l  be of value i n  i n t e r p r e t i n g  the  oxygen atom concentrat ion da ta  

reported by t h e  060-F s a t e l l i t e  mass spectrometer with the  gold-plated 

sampling antechamber. 

1. The t i m e  required t o  s a t u r a t e  the  gold sur face  of t he  ante-  

chamber by atomic oxygen can be computed from the  s t i c k i n g  c o e f f i c i e n t .  

The v a r i a t i o n  of s t i c k i n g  c o e f f i c i e n t  w i t h  coverage i s  so s m a l l  t h a t  f o r  

p rac t i ca l  purposes one can consider  i t  constant  up t o  f u l l  sur face  

coverage. 

2. For da ta  obtained i n  an atmospheric region i n  which the  ante- 

chamber sur face  can be considered t o  be sa tu ra t ed  with sorbed oxygen, 

the  value of AMU 16 reported by the  instrument should be cor rec ted  f o r  

atom l o s s  by recombination i n  t he  antechamber. 

suppl ied t o  us on an engineering sketch of t h i s  pa r t  of the  m a s s  

spectrometer,  the  average c o l l i s i o n  number 0 of the  antechamber i s  

81. Using t h i s  value f o r  0 and the  recombination c o e f f i c i e n t  

Y = 0.06 i n  Eq. 1, the  f r a c t i o n  of sampled atoms t h a t  e n t e r  the  ion  

source of the  mass spectrometer, nl/nl , is 0.17. 

Based on the  dimensions 

* 
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3. I f  the  satell i te,  because of t he  e c c e n t r i c i t y  of i t s  ohbit, 

spends periods of many minutes i n  regions of l o w  oxygen atom densi ty ,  

t h e  e f f e c t  of de-sa tura t ion  of t he  antechamber sur faces  must be taken 

i n t o  account. The f r a c t i o n  of the  su r face  populated with oxygen atoms 

w i l l  e x h i b i t  a dynamic dependence on the  rates of sorp t ion  ( s t i c k i n g  

c o e f f i c i e n t )  and desorpt ion.  The v a r i a t i o n  might be q u i t e  complex, but, 

i n  pr inc ip le ,  should be tractable i f  the  sorpt ion/desorpt ion rates de- 

r ived  from our experiments are used. If a means could be provided t o  

keep the  antechamber w a l l s  a t  a high temperature, oxygen atom so rp t ion  

and recombination would be neg l ig ib ly  small, and these  co r rec t ions  

would be obviated. 

Future Plans 

Our immediate plans a r e  t o  i n v e s t i g a t e  the  oxygen-atom i n t e r a c t i o n  

c h a r a c t e r i s t i c s  of o the r  metals. S i l v e r  and t i t an ium a r e  of spec ia l  

i n t e r e s t  a t  present,  because both metals have been employed i n  the  

i n l e t  and ion  source regions of f l i g h t  mass spectometers. 

Pe rs onne 1 

Personnel who have pa r t i c ipa t ed  i n  t h i s  program during the past  

q u a r t e r  include Jan W. Van Gastel, Henry Wise, and Bernard J. Wood. 
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